The paper reports results of an experimental investigation into load response and failure behaviour of rectangular prismatic concrete beams reinforced with a combined flexural and shear reinforcement system made from carbon fibre reinforced polymer (CFRP) fabric. It is shown that CFRP U-channels with aggregate coating and an anchorage system consisting of a lipped channel section with intermittent closed loops were found to provide improved composite action between the CFRP reinforcement and concrete. These CFRP channels also ensured adequate strength and ductility before failure. Possible modes of failures of the beams are discussed as is the effect of the design parameters on the failure mode and the failure load. It is anticipated that the findings of this paper could be effectively used in other applications such as non-prismatic concrete geometries and as permanent formwork/reinforcement in thin concrete members where the flexible characteristics of dry CFRP fabrics are most useful.
Introduction

1
Interest in fibre reinforced polymer (FRP) internal reinforcement in concrete is mostly focused on their 2 use as a way to mitigate corrosion seen in conventional steel-reinforced concrete structures exposed 3 to the environment, such as highway bridges and sea walls (Achintha, 2009) given in the form of modifications to existing limit state design principles adopted in steel-reinforced 15 concrete codes of practice. The modifications generally take into account the intrinsic mechanical 16 properties of FRPs, and are mostly empirical equations developed based on experimental 17
investigations. However, the use of FRPs as a direct substitute for steel bars using the same design 18 principles as in steel-reinforced concrete members means designs are often expensive and inefficient 19 (Bank, 2006) . There are fundamental differences between the characteristics of the two materials: 20
FRPs are elastic and brittle whereas steel yields under high stresses. There are also major differences 21 in the bond characteristics: with steel bars having a strong concrete-steel bond, which is 22 advantageous since when the strain in the steel reaches the yield strain at a crack in the concrete, the 23 steel yields and no stress concentration can occur. In contrast, failure of FRPs may be triggered by high 24 local strains. The existing FRP internal reinforcement design guidelines are being linked to FRP bars 25 and the guidelines are often too conservative (Bank, 2006) . 26 3
The flexible nature of FRP fabrics prior to curing with resins provides the prospect of forming novel, 27 efficient 2D/3D reinforcement systems. Wide ranges of mechanical properties, to match the design 28 requirements, can be obtained by combining fabric sheets in different laminate arrangements. Despite 29 the potential of FRP fabrics to reinforce concrete, only a little research, largely external strengthening 30 of concrete beams and columns has been reported (e.g. Punurai, 2013) . Despite the high material cost 31
of FRPs compared to traditional reinforcing materials, the economic benefits may come from less 32 maintenance requirements and longer life. Total life cycle analyses and environmental impact 33 assessments may be used to justify the economic viability of FRPs in the construction industry 34 (Achintha, 2016) . 35 36 This paper presents selected findings from a research programme that aimed to exploit the use of 2D 37 multidirectional CFRP fabric as a combined flexural and shear reinforcement in concrete beams. The 38 paper reports results of an experimental investigation of the bond behaviour of concrete beams 39 reinforced with three different CFRP fabric reinforcement configurations; a plain U-channel, a U-40 channel with an aggregate coating (i.e. a layer of aggregate applied on all surfaces of the CFRP channel 41 using an epoxy resin and allowed to cure prior to casting concrete), and an anchorage system 42 6 effect of aggregate size on failure mode: failure in concrete was noted when aggregate of size 1.18-105 4.75 mm was used in the coating, whereas epoxy failure was noted when large aggregate of size 6.70-106 9.52 mm was used. Mixed-mode failure was noted when aggregate coatings had particles of size 4.00-107 7.00 mm (Cho et al., 2010) . The possible influence of the distribution density of aggregate in the 108 coating on concrete-FRP bond was also noted (Cho et al., 2010) 
Experimental programme
123
In the first half of the experimental programme, three concrete beams, each with dimensions 1000 124 mm (length) x 120 mm (width) x 120 mm (depth), reinforced with three different forms of CFRP fabric 125 reinforcement: a plain U-channel (B1), a U-channel with aggregate coating (B2), and an anchorage 126 system consisting of a lipped U-channel with intermittent closed loops (B3) (Fig. 1a) , were tested. 127
Aggregate coating was used as a means of improving the composite action between concrete and the 128 CFRP reinforcement, whereas a lipped channel section with intermittent closed loops was chosen to 129 eliminate premature debonding that may be originated at the top edges of the U-channel. After taking7 into account the results of these three beams, a beam reinforced with a lipped CFRP U-channel with 131 intermittent closed loops and an aggregate coating on all internal and external surfaces (B4) was 132 designed and tested in the second half of the experimental programme as a mean to achieve stronger 133 and stiffer beams with improved post-breakage strength and ductility. For comparison of the results, 134 a reference beam (B5) of the same dimensions as B4, but with a plain CFRP U-channel was also 135 fabricated and tested. The objective of this experimental programme was not to provide design data 136 but to demonstrate the basic mechanics of concrete beams reinforced with CFRP fabric reinforcement. 137
Although a combined flexural/shear reinforcement system was provided, the experiments aimed to 138 investigate the flexural behaviour of the beams. A detailed shear analysis of the beams was beyond 139 the scope the study, however, an approximate shear design was used to ensure no premature shear 140 failure prior to the expected flexural failure. The design of the CFRP fabric reinforcement systems was 141 not trivial; the analyses adopted in the currents study will be presented in a future publication. 142
143
Materials 144
All three test beams were made using the same materials, fabrication techniques, and curing 145 conditions. The CFRP channels were first fabricated and then concrete was cast once the CFRP 146 channels had fully cured. 147
148
±45
o biaxial carbon fibre dry fabric ( The average 28-day compressive strength of the concrete was determined to be ~38 MPa. 167
168
CFRP fabric reinforcement systems
169
Plain U-channel 170
The plain U-channel was fabricated from 970 mm x 230 mm CFRP fabric sheets in order to achieve the 171 dimensions 970 mm x 80 mm x 80 mm of the channel (Fig. 2a) . The required U-shape was obtained by 172 wrapping the wet, rectangular laminate around a foam mould (Fig. 2b) . The CFRP-wrapped foam 173 mould was then positioned within a plywood formwork (Fig. 2c ) and cured in ambient conditions 174 (20±2 °C) for two days. Thin release films that leaves no residues were used between the CFRP and 175 the foam and also between the CFRP and the plywood. In order to limit the effects of stress 176 concentrations, the corners of the channel were rounded. Although autoclave or resin infusion 177 techniques have potential to produce higher quality products than the wet lay-up method used here, 178 advanced manufacturing methods were beyond the scope of the study, since the objective was to 179 demonstrate the use of novel forms of fabric reinforcement in concrete beams. 180 181 182
U-channel with aggregate coating 183
The aggregate-coated CFRP channel adopted the same section dimensions, manufacturing and curing 184 methods as the plain U-channel. However, once the CFRP had cured, an aggregate coating was applied 185 on all internal and external faces (Fig. 1a) . The size of the aggregate particles and surface density were 186 chosen to achieve desirable benefits. The same epoxy resin and the mix ratio used in the CFRP channels was also used to bond the aggregate 207 on the surfaces of the CFRP channel. The thickness of the resin layer was maintained to be ~0.5 mm 208 10 in order to achieve a sufficient submersion of the aggregates whilst eliminating complete coverage of 209 aggregate (a 'smoothing' effect caused by the full coverage of epoxy on aggregate can weaken the 210 CFRP-concrete bond (Bank et al., 2007) ). The aggregate coating was applied on two horizontal 211 surfaces at a time (see Fig. 3b ), and once the resin adhesive had fully cured (usually after 24 hours), 212 coating was applied on another two surfaces of the CFRP channel (see Fig. 3b ). Generally, an even 213 layer of aggregate was applied on all surfaces, although due to the curvature at the corners of the 214 channel small slippages and movement of the aggregate were unavoidable. 215 216
Lipped U-channel with intermittent closed loops 217
In order to investigate the effect of anchorage at high stress locations of the concrete-CFRP bond, a 218 lipped U-channel with intermittent closed loops was investigated (Fig. 1a) . Conversely to the other 219 two channels, this CFRP channel was made using two dry fabric plies of size 970 mm x 230 mm and 220 two larger plies of size 970 mm x 332 mm. The larger plies were cut on each side to create a series of 221 anchorage tabs (each of width 60 mm and length 74 mm), as shown in Fig. 4a . When stacking the plies 222 during the wet lay-up process, tabbed plies were positioned in the middle, with others located on the 223 top and bottom as shown in Fig. 4a . Tabs on one side of the laminate were first wrapped over the 224 foam mould, and then those on the other side were wrapped over the first to make the required 225 intermittent closed loops (Fig. 4b) . Intermittent gaps of 120 mm x 40 mm in plan were left between 226 the closed loops in order to facilitate concrete casting. The CFRP channel was cured in the same way 227 as the other two channels. would have been an alternative, the relatively large rosette could weaken the surrounding concrete-233 FRP bond, therefore, strain gauges which are much smaller than a rosette were used. In order to 234 improve the bond between plain CFRP channels and in situ concrete (i.e. in B1 and B3), a thin wet 235 epoxy resin layer was applied ~45 minutes prior to concrete casting on all surfaces of the CFRP 236 channels. No epoxy resin was applied to the aggregate-coated channel (B2) in order to eliminate 237 potential 'smoothing' of the aggregate surfaces. The three concrete beams were cast and cured in 238 ambient conditions. 239
240
Beams were tested after 28 days of curing in four-point bending (Fig. 5a ) (shear span = 325 mm, 241 constant moment zone = 250 mm) using a servo-hydraulic test machine, displacement controlled 242 (stroke rate of 2 mm/min). Midspan deflection was measured using two digital displacement gauges, 243 located at the front and back of the beam. 244
245
Experimental results
246
Load-midspan deflection relationship 247 Since the tests were conducted displacement controlled, the post-peak behaviour of the beams was 258 also observed (Fig. 5b) . All beams resisted applied load beyond the peak load demonstrating notable 259 ductility before final failure. The beams failed at loads 25.90 kN, 23.74 kN and 23.38 KN respectively;12 86.7%, 50.9% and 75.8% of the respective peak loads. The midspan deflections of the beams at the 261 respective failure loads were 17.2 mm, 15.9 mm and 20.2 mm, whereas deflections at the respective 262 peak loads were 8.5 mm, 9.7 mm and 12.2 mm. 'Ductility index' may be defined as the ratio of the 263 additional midspan deflection after the peak load to the midspan deflection at the peak load; ductility 264 indices of the three beams are 102.4%, 63.9% and 91.6% respectively. The results suggest that, unlike 265 conventional applications of FRP bars and other FRP internal reinforcements in concrete beams where 266 brittle failures were inevitable, beams B1, B2 and B3 demonstrated significant ductility and safe failure 267 behaviour. A further advantage of the beams may be explored: the beams recovered the deflection 268 upon unloading, as shown in Fig. 5b . The residual midspan deflections of the three beams were 7.9 269 mm, 2.6 mm and 8.9 mm respectively (the corresponding recovery of the midspan deflection from the 270 failure load were 54.1%, 83.6%, 55.9%). This suggests that a large part of the energy put into the beam 271 during loading has dissipated rather than storing as strain energy; this ensures no explosive failure. ; the two CFRP strain measurements were largely similar in each beam. Since a detailed 278 investigation of the 2D strain behaviour of the CFRP channel is beyond the scope of this paper, the 279 average of the two measured strains is shown in Fig. 6a . 280 281
Strain in CFRP 282
As expected, the CFRP experienced higher strains after the development of flexural cracks in the 283 beams. It should be noted that, due to the failure of strain gauges, the CFRP strain in B3 was recorded 284 only up to applied load 14.95 kN. Fig. 6a shows that the CFRP strains at the peak loads of B1 and B2 285 were 0.00418 and 0.0036 respectively, and then the strains dropped after the peak load. In a previous 286 study of the authors (Achintha et al., 2015) , it was noted that tensile and shear failure strains of the 287 same CFRP laminate were greater than ~0.016. Thus, the results suggest that the CFRP did not rupture 288 in the beams. 289 290
Strain in concrete 291
As can be noted from Fig. 6a , the compressive strains at the peak load of the three beams were 292 0.001869, 0.002617 and 0.002990 respectively. The observation of the failure mode of the beams (Fig.  293   6b) suggests the concrete compression zone failed in all beams. However, the noted strains in 294 concrete (Fig. 6a) at the peak loads are significantly lower than the expected ultimate compressive 295 strain of concrete (~0.0035) (Eurocode 2, 2004). Test results of a steel-reinforced beam made from 296 the same concrete and tested as a control beam in the current study confirmed a concrete failure 297 strain of ~0.0033 (see Fig. 6a ). The results suggest that the failure of B1, B2 and B3 was not 298 conventional concrete compression failure, as described presently. 299 300
Crack patterns 301
All beams showed similar even distribution of flexural cracks within the constant moment zone and a 302 nominal number of minor cracks within shear spans. All beams exhibited horizontal 'splitting' cracks 303 on the top and side surfaces (Fig. 7) . Visual observations during testing confirmed that 'splitting' cracks 304 on the top surface occurred prior to the development of horizontal 'splitting' on the sides of beams. 305
The 'splitting' cracks on the top surface were first observed after the peak load; for example, top 306 surface 'splitting' cracks on B2 and B3 were first observed at load ~42 KN and ~28.2 kN respectively 307 during the post-peak regime (note: observations were not made during the testing of B1). Analysis of 308 crack patterns suggests that all beams underwent similar failure mechanisms. 309
Failure mechanism
310
Under bending, the top surface region of the constant moment zone of the beams has subjected to 311 high axial compression forces. In concrete, forces are mainly transferred from aggregate to aggregate, 312 14 which are randomly distributed. Under uniaxial compression, tensile forces develop in the lateral 313 direction in order to balance the lateral component of the compressive force between adjacent 314 aggregate those are essentially not aligned along a direction parallel to the longitudinal axis of the 315 beam. Coalescence of microcracks and unstable growth of microcracks around the aggregate usually 316 starts at applied stress of ~90% of the peak compressive stress (strain ~0.0014) (Hus et al., 1963) . In 317 the beams, the top of the CFRP channel was located 20 mm below the top surface of the beam. A 318 weak bond between concrete and CFRP and flaws/voids larger than those normally expect in pure 319 concrete are expected in the vicinity where the vertical sides of the CFRP channels were terminated. 320
Thus, as noted in the experiments (Fig. 7) , development of major cracks in the compression zone, just 321 above the CFRP curtailment location, parallel to the beam length (i.e. perpendicular to the lateral 322 tensile stress) is expected under continued increase in the applied load. As can be seen in formed. Given the shallow depth of the compression zone (~17mm, ~27 mm, and ~15 mm in B1, B2 358 and B3 respectively), under the high axial compression, the laterally unsupported narrow zone of 359 concrete became the equivalent of a slender 'column', as shown in Fig. 8b . Given the no upward 360 resistance to buckling, the 'slender concrete column' bent/buckled outwards, causing failure at the 361 middle region of the 'concrete column'. The agreement between the crack locations on the side of the 362 beams ( Fig. 7) with the neutral axis depth at the peak load (Fig. 8a) , justifies the failure mechanism 363 identified above. Once the 'edge columns' had failed, the area of the concrete compression zone was 364 reduced, and subsequently caused the complete failure of the beam. 365
366
Overall performance 367
The results confirmed that the use of an aggregate coating on the surfaces of the CFRP reinforcement 368 enhanced the composite action between CFRP and concrete, subsequently ensured a higher strength 369 and stiffness in the beam. However, the drop in the load resistance after the peak load was quite high 370 (~50% of the peak load) and the ductility index is modest (63.9%). In contrast, the lipped CFRP channel 371 section with intermittent closed loops (B3) ensured a greater ductility (91.6%) and ability to resist a 372 significant part of the peak load (>75.8% of the peak load) during the post-peak regime. 373
374
New beam design
375
After taking into account the results of the previous three beams, a beam reinforced with a lipped 376 CFRP U-channel with intermittent closed loops and an aggregate coating on all internal and external 377 surfaces was designed and tested (Beam B4) as means to achieve stronger and stiffer beams with 378 improved post-breakage strength and ductility. In order to demonstrate the applicability of the earlier 379 research findings to beams with different design parameters, the dimensions and the concrete 380 strength (25 MPa) of the new beam (B4) were chosen to be different to those of the previous three 381 beams. The cross section of the aggregate-coated CFRP channel used in B4 was 100 mm x 70 mm and 382 it had lips of 20 mm wide and intermittent closed loops (Fig. 9a) above the top edge of the CFRP channel at midspan was followed by buckling/bending of a narrow 396 concrete column (Fig. 8b) . Fig. 9b shows the load-midspan deflection relationships. As expected, 397 beam B4 showed a higher strength (peak load 14.1 kN, which is equivalent to the design load if the 398 beam had been reinforced with two 10 mm diameter steel bars of yield strength 500 MPa), flexural 399 stiffness, and ductility (ductility index 58.8%) compared to B5 (peak load 10.9 kN and ductility index 400 
